Abstract-This letter reports AlGaN/GaN high-electron mobility transistors with capless activation annealing of implanted Si for nonalloyed ohmic contacts. Source and drain areas were implanted with an Si dose of 1 × 10 16 cm −2 and were activated at ∼ 1260
I. INTRODUCTION

I
ON IMPLANTATION is a fundamental manufacturing technique for selective area doping of semiconductor. A number of GaN-based devices processed by ion implantation have been demonstrated [1] - [5] . Previous reports included the use of protective surface layers during the implant activation annealing for devices in the AlGaN/GaN system, including SiO 2 [6] , Si 3 N 4 [7] , and AlN [5] , [8] . Yu et al. demonstrated ionimplanted AlGaN/GaN high-electron mobility transistors (HEMTs) on sapphire substrates with nonalloyed ohmic contacts. With a reactively sputtered AlN encapsulation layer, the Si activation process employed a high-pressure (100 bar N 2 ) and high-temperature (∼ 1500
• C) annealing process. A contact resistance of 0.4 Ω · mm and an output power of 3.3 W/mm, with a maximum power-added efficiency (PAE) of 54%, were obtained at 4 GHz for a drain bias of 25 V. However, the use of high-temperature high-pressure and capped annealing processes limits the manufacturability of this process for AlGaN/GaN HEMTs. In this letter, we report the use of Siion implantation for nonalloyed contacts to an AlGaN/GaN HEMT with a capless implant activation anneal at ∼ 1260
• C (thermocouple temperature) in a metal-organic chemical 
II. DEVICE STRUCTURE
The HEMT structure described in this letter was grown by RF plasma-assisted molecular beam epitaxy (MBE) on 4H-SiC (0001) (Fig. 1) . After a ∼ 40-nm AlN nucleation layer, an unintentionally doped (UID) GaN buffer was grown, which was optimized for low buffer leakage current [9] . The buffer was grown with a two-step method to control threading dislocation density [10] and modulated Ga flux for uniformity [11] . The structure had a 27-nm Al 0.3 Ga 0.7 N barrier layer. The twodimensional electron gas sheet density and the Hall mobility, measured using the van der Pauw method at room temperature, were 9.7 × 10 12 cm −2 and 1640 cm 2 /V · s, respectively. Fabrication of the HEMTs started with the deposition of the ion implantation mask. Fifty nanometers of SiO 2 was deposited by plasma-enhanced chemical vapor deposition (PECVD) at 250
• C. A Ti/Ni mask was evaporated with source and drain (S/D) regions left open for implantation. Subsequently, the SiO 2 layer was removed in the S/D regions using a CF 4 plasma etch. Si ions at a dose of 1 × 10 16 cm −2 were implanted at 50 keV at room temperature. The sample was tilted 7
• relative to the ion source to avoid ion-channeling effects. After the implantation mask was removed, the sample was annealed for activation for 30 s at ∼ 1260
• C in an MOCVD system flowing N 2 and NH 3 at atmospheric pressure (760 torr). The AlGaN layer was removed using Cl 2 reactive ion etching (RIE) in the S/D regions, and ohmic Ti/Au/Ni contacts were deposited onto the underlying implanted GaN. Mesa isolation was formed using Cl 2 RIE. The surface was passivated with SiN x deposited by PECVD. The gate was then deposited using a self-aligned dielectric etch and a metal liftoff process. In order to determine the dominant doping mechanism for the nonalloyed contacts, additional contacts have been deposited on nonimplanted areas of the implanted sample. Finally, Ti/Au S/D pads were deposited after etching the SiN x in a CF 4 plasma. A control sample from the same wafer was processed with Ti/Al/Ni/Au contacts alloyed at 870
• C in a rapid-thermal-annealing system but was otherwise processed identically. The gate (width of 2 × 75 µm) had a length of ∼ 0.6 µm for the implanted and ∼ 0.5 µm for the control sample. The S/D distance was 3.4 µm.
III. RESULTS AND DISCUSSION
Transmission line method (TLM) measurements after passivation showed a contact resistance R C of 0.96 Ω · mm and a sheet resistance R S of 383 Ω/sq for the implanted sample, and an R C of 0.46 Ω · mm and an R S of 344 Ω/sq for the control sample. Simultaneously fabricated contacts on nonimplanted areas of the activation-annealed sample show no ohmic behavior, indicating silicon activation as the dominant mechanism of ohmic contact formation. The nonalloyed contacts showed smooth surface morphology, whereas the alloyed contacts of the control sample showed rough morphology (Fig. 2) . The current-voltage output characteristics, dc and under pulsed conditions (200-ns pulsewidth), of the implanted and the control samples are depicted in Fig. 3(a) and (b) , respectively. The gate voltage was varied from −4 to +1 V in steps of 1 V. The device was biased on a 165-Ω load line. The maximum drain current I max of the implanted sample was 1.15 A/mm at V G = +1 V, and the pinchoff voltage V p was −4.4 V. Fig. 3 shows that the 200-ns current values are lower than the dc values, indicating a limited amount of RFdc dispersion [12] . The control sample showed similar current performance, a similar amount of dispersion, I max = 1 A/mm, and V p = −5.5 V. The reduction of I max and V p can be attributed to sample inhomogeneity, although further investigation is necessary. Small-signal measurements were carried out on the devices using an Agilent E8361 network analyzer. The current gain h 21 and the unilateral power gain U were calculated from the measured S-parameters. Linear extrapolation of the current and power gain along a 20-dB/dec slope led to a current maximum gain cutoff frequency f T of 22 GHz and a maximum oscillation frequency f max of 49 GHz. The bias conditions were V DS = 10 V and I D = 156 mA/mm. For the control sample, the maximum f T and f max were 28 and 65 GHz (V DS = 10 V and I D = 189 mA/mm), respectively.
Finally, power measurements were taken using a Maury Microwave load-pull system. Measurements at 4 GHz and a drain bias of 30 V and a quiescent current of 260 mA/mm showed a gain G T of 11.7 dB and an output power density P out of 5 W/mm with a PAE of 58% [ Fig. 4(a) ]. The control device showed comparable power performance with the same P out , a PAE of 49%, and G T = 11.7 dB at I D = 260 mA/mm [ Fig. 4(b) ]. The slight reduction in PAE is still under investigation, it may be related to the slightly higher gate leakage observed in the control device. 
IV. CONCLUSION
We have demonstrated AlGaN/GaN HEMTs with capless Si-ion implantation activated in an MOCVD system at ∼ 1260
• C in N 2 and NH 3 and atmospheric pressure. Nonalloyed ohmic contacts had a contact resistance of 0.96 Ω · mm to the channel. With a maximum drain current of 1 A/mm, the device showed an f T of 22 GHz and an f max of 49 GHz. At 4 GHz, the output power density was 5 W/mm with a PAE of 58% at a drain bias of 30 V. The reduction of implant activation temperature for GaN and the elimination of capping layers enable ion implantation as a practical tool in the processing of GaN-based devices. It has the potential to be utilized in the development of new device topologies as well as in improving the performance and manufacturability of current designs.
